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By J. L. Allen and Andrew Beke

SUMMARY

Firxed -geometry, translating-splke, and bypass lnlets which were
previously investigated cn an axlally symmetric spike-type model in
the Lewls 8- by 6-foot supersonlc tunnel at £1light Mach numbers of 1.5
to 2.0 are compared on the basls of burbojet- and ram-jet-englne per-
formence. The inlet for the turbojet englne was so sized at a subsonic
Mech number that splllage of a&lr was required at supersonic speeds.
Fixed-exhaust-nozzle ram-Jet engines were designsd for marxrimum Impulse
at a flight Mach number of 2.0 and evaluated on the basis of excess
thrust avallable with the three types of Inlet for mass-flow splllage.

In general, the bypaes inlet had the highest turbojet effectlive
thrust ratlo and the fixed-geometry inlet had the lowest. The perfor-
mence of the translating-spike Inlet could be made competltlve between
flight Mach numbers of 1.5 toc 1.9 if the pressure-recovery losses due
to splke transletion were mlnimized. At & flight Mach number of 2.0,
competltive performance could not be reallzed, since the drag associ-
ated with conlcel shock splliage was sbout twlce that due to bypassing.
For constant pressure-altitude and flight Mech number operatlon at non-
standard atmospherlc temperatures, the effective thrust ratlo of the
bypase inlet was nearly constant whereas the effective thrust ratlos
for the other lnlets varied.

The excess thrust obtainable wlth the bypass-inlet ram Jet was
greater than that of the other Inlets at flight Mach numbers from 1.6
to 2.0; at the lower Mach numbers, this indlcated that a smaller booster
unlt could be used. At a flight Mach number of 2.0 and angles of attack
from 0° to 9%, the bypass inlet had the largest excess-thrust margin;
at an angle o:f.' attack of 9° , only the bypass-Inlet ram Jet was capable
of thrust greater than 'bha,t required for crulsing at an angle of attack
of 0°.

e LINCLASSIFIED
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INTRODUCTION

When the air-flow capaclty of s flxed-geometry inlet exceeds that
required by the engine at supersonlic speeds, the excess welght flow must
be spilled behind an inlet normal shock with attendant high drags.
Varlous methods of reducing these high drags by varying the inlet
geometry have been proposed. One method consiste In varying the tip
projection of the compresslon surface so that the splllage occurs behind
an obllque or conical shock. In another method, a small scoop, or by-
pass, is located In the diffuser forward of the engine or combustion
chamber to dlscharge excess masa flow. These systems have been Inves-
tigated In the NACA Lewls laboratory 8- by 6-foot supersonic tunnel on
an axially symmetrlc splke-type model sultable for a nacelle power-
plant installation. The_ fixed-geometry data are reported in reference
1; the bypass data, In references Z to 4; and the translating-splke data,
in reference 5. ' ’ ' o o

The purpose of thls report ls to evaluate these data 1In terms of
turbojet- and ram-jet-engine performance on the basis of effective
thrust ratio for the turbolet, net propulsive thrust for the ram-Jet,
and specific impulse for both types of englne. Propulsive-unit per-
formance characteristlics for a turbojet engine utilizing the three
types of inlets are presented for a range of flight Mach numbers from
1.5 to 2.0 and an altitude of 35,000 feet. The ram Jet 1la analyzed
wlth respect to excess thrugt available for an engine designed for
efficlent crulsing at a flight Mach number of 2.0.

SYMBOLS

The followlng symbols are used In thls report:

A ares
Am external maxlmum cross-sectlonal area
external-drag coefflcient, D./q
,© » Yo
Cp.a splllage-drag coefficlent, external-drag coefflclent minus
! minimum-drag coefflclent for fixed-geometry inlet
Cr,n net-thrust coefficient of ram jJet, F /dqpA
Dy force on inlet In stream directlon determined by applying

momentum theorem to air passing outside englne (plus internal
and externmal effect of bypassing)
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net thrust, net force in fllght dilrection resulting from
change of momentum of englne mass flow between free stream
and exlt

effectlve thrust pareameter for turbojet

ideal net thrust at 100 percent pressure recovery

F._ -D F, ~D
specific impulse, —q—w—s and _n_w___e_, Bec
hig g

length of subsonlic diffuser, 46.9 in.
Mach number

mass flow

diffuser-exlt mass flow
Po Vb Ac

mess-flow ratio,

total pressure

static pressure

dynamlc preasure, 7pM?/2

total temperature, °R

static or atmospheric temperature, °R
veloclty

weight flow, 1b/sec
corrected rate of weight flow, 1b/sec
rate of fuel flow, 1b/sec

longltudinal statlion, in.
ratlo of specific heats for alr

ratlio of local total pressure to statlc pressure of NACA
stendard atmosphere at sea level, 2116 1b/sq £t abs
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p mess density of alr

T ram-jet-engine total-temperature ratio, T,/T,

e ratio of total temperature to static tempersture of NACA
standard atmosphere at sea level, 519° R

Subscripts:

c capture (area of cowling)

8 spillage

x longitudinal station

0 free stream

1 inlet at minimum area

4 diffuser exit

7 ram-Jot exit

DESCRIPTION OF MODELS

An axially symmetrilc splke-~type Inlet was used for the experimen-

tal investigations of the fixed-geometry, translating-splke, and bypass
models; detalls of the models are described In referemnces 1 to 5. The
flxed-geometry inlet used hereln was inlet B of reference 1, which was
designed for a mass-flow ratlo of unlity at a flight Mach number of 2.0.
The longitudinal area-rstic varlation for this inlet 1s shown by the
s0l1ld line in figure 1. The bypass inlet was made from the filxed-
geometry Inlet by adding one or two fixed-area bypass inserts, each

of which was capable of spilling approximately 10 percent of the
captured mass flow. Detailed data for the model with two bypasses are
presented In reference 2; and date for a single bypass, in reference 3.
The change in diffuser area-ratio variatlon with one and two bypasses
installed i1s shown In figure 1. The importance of maintalning & low
bypass-exit angle 1s shown in reference 4. The translating-splke
model, which was also made from inlet B of reference 1, hed three pro-
grosslvely greater splke projectlions which roughly corresponded to
mass-flow splllages of 10, 20, and 30 percent of the maximum capture
mass flow. Diffuser area-ratlio changes associated wlth these spilke
translations are also shown in flgure 1. The common polnt of the
various spikes, which would correspond to a telescoping Junction on an
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actual installation, was at a mechanically feasible locetlon where the
slope of the centerbody was nesrly zero. A slight external difference
in the cowl leading-edge radius existed between the models of refer-
ences 1 and 5.

METHODS OF ANALYSIS

Propulsive units consisting of a turbojet engine having fixed-
geometry, translating-spike, or bypass lnlets are compared on the
besls of an effective thrust parameter (En - Ds)/En,i and speclfilc

impulse I. The thruet of the installed engine with afterburnlng F,

was corrected for Inlet total-pressure losses but not for tobtal-
pressure-loss changes in the exhaust nozzle; ldeal thrust Fh,i is

for 100 percent pressure recovery. Splllaege drag Dy 1s the drag at

‘the operating point minus the minimum drag for the fixed-geometry Inlet
at criticel inlet flow for the same Flight Mach number. The splllage
drag corresponds to additlve drag plus the change In pressure and
friction drag due to splllage. Spillage drag is due to bow-shock
splllage for the fixed-geometry Inlet and to conleal-shock splllage for
the translating splke. For the bypass Inlet, the shock structure iz not
changed by bypassing, and the spillage drag 1s the net Intermal and
external effect due to bypassing. Specific impulse I 1is another param-
eter for evaluating Iinlet performance. Speciflc impulse, which is the
reclprocal of thrust specific fuel consumption expressed In seconds,

wasg computed by correcting the fuel flow at 100 percent recovery for
constant fuel-alr-ratio operation at other recoverlies. In additionm,
specific impulse is proportional to the net efflclency of the propulsive
unilt for a given flight speed and fuel and, hence, is proportionsl to
aircraft range for & Breguet fllight plan in the iscthermal stmospheric
region. .

The performance of the ram-jet engine was camputed by adding the
effects of a flame-holder pressure loss, of heat additlon wilthout mass
addition, and of exhaust-nozzle force to “the cold-flow Inlet data.

The flame-holder pressure loss AP/q wag assumed to be 2.0. One-
dimenslonal flow relatlons were used to compute the effects of heat
addition for ratios of speciflic heats of alr of 1.4 before and 1.3 after
combustlon and through the nozzle. A combustion efficlency of 100 per-
cent was assumed; and the convergent-divergent exhaust nozzle, which
re-expanded to maximum engine diameter (equal to cold-flow diffuser-exit
diameter), was assumed to be 100 percent efficient. The nozzle size wes
gelected for maximum impulse at & Mach number of 2.0 and an altltude of
35,000 feet. The drag Dy 1s the total external drag of the ram Jet

which was coneldered as an isolated nacelle unlt; consequently, impulse
parameters for the turbojet and ram-jet englnes are not comparable.
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RESULTS AND DISCUSSICN

Comparison of experimental data. - Comparisons of drag due to
spillage, diffuser total-pressure recovery, and diffuser-exit mass-
flow ratio for the flxed-geometry, translating-splke, and bypass Inlets
at an angle of-attack of 0° and flight Mach numbers from 1.5 to 2.0 are
shown In flgure 2 as functions of corrected weight flow per unit of
diffuser-exlt area. Varlable-splke-projection or bypass sonic~discharge
area are represented by the curves falred through the data points for
the translating-splike and bypass configurations, respectively. Inlet
operation along these lines corresponds to critical inlet flow (normal
shock &t the inlet entrance) and spllling excess mass flow either
through the bypass or by means of the conical shock for the translating
splke. ZXxcept for the mandatory splllage behind the_conlcal shock at
below-design flight Mach numbers, flxed-geometry splllage occurs behind
a bow or normal shock.

The increase in drag due to spllling alir flow by means of the bypass
or the translating splke was only a fraction (10 to 50 percent) of that
for equivalent bow-shock splllage over the range of fllght Mach numbers.
For a flight Mach number of 2.0, the bypass drag was about one-fifth and
the tranelating-splke drag about one-hslf of the drag for equlvalent
bow-shock spillage. At a flight Mach number of 1.8 (fig. 2(b)), drags
for both the translatlng splke and the bypass were only a amsll fraction
of those for the fixed geometry although the bypass drags were about
twice those of the translating spike. This drag cross-over ls presumably
rolated to an under-pressure condition In the flxed re-expansion - ratlo
bypass nozzle at the lower Mach numbers. Over the range of flight Mach
numbers, the diffuser pressure recovery was not significantly changed
when the bypass inlet was used. However, at flight Mach numbers of 2.0
and 1.8 (figs. 2(a) and (b)), pressure recoveries for the translating
splke iInlet decreased rapldly as the cone was translated outward and
splllage occurred behind the conical shock. This pressure-recovery
reductlion may be asscclated with expanslon of the flow over the knob or
shoulder of the cone ahesd of the cowl lip (Jjunction of the conical and
the centerbody contours). Someé possibilitles for improving the pressure
recovery of the translating splke are dlscussed In reference 5; however,
the drag characteristics at a flight Mach number of 2.0, which are shown
to be in agreement with theory in reference 5, would not be subject to large
improvement. At a flight Mach number of 1.5 (fig. 2(d)), the pressure
recovery for the translating spike remained practically conatant as welght
flow was reduced.

The preasure recovery for the filxed-gecmetry lnlet at critlcal inlet
flow decreaged sllghtly as the flight Mach number decreased from 1.6
to 1.5. This effect ls not entirely understood; however, higher friction
losses at a flight Mach number of 1.5 in the nearly constant-area portion
of the diffuser may have been the cause.

3022
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The data for the translating spike and the bypass shown In flgure 2
should be interpreted not as a generasl comparison of optimum inlet con-
Pigurations but rather as a comparlson of the particular inlets investi-
gated, since both could be improved somewhat.

Application to turbojet engines. - The variatlon of corrected welght
flow with flight Mach number at an altitude of 35,000 feet for a selected
turbojet engine operating at constant rotatlonal speed is shown In fig-
ure 3. Also shown In figure 3 1s the welght-flow attalnable with a
fixed -geometry inlet operating at the pressure recovery at critlcal inlet
flow. The size of the inlet was selected to satlsfy englne alr-flow
requlrements at an altitude of 35,000 feet and a flight Mach number of
0.85 (a subsonic-inlet sizing would be considered for efficlent subsonlc
cruising) for choking at the minimum inlet area at an assumed pressure
recovery of 0.95. The difference between the inlet and the engine
welght-flow curves 1s the required weight-flow spillage (the actual
spillage depends on the pressure recovery at the diffuser match point).
The required welght-flow spilllage is 32 percent at Mach number 2.0. The
alternate cholce of sizing the inlet at the high-speed polnt and using
a variable-geometry Inlet in the below-deslgn speed range is not con-
gldered hereln. More complete dlscussions of the matching problem can
be found in references 6, 7, and 8.

The translating-spike and bypass Inlets can be utilized to reduce
the drag penalties associated wlth bow-shock splllage that would occur
if s fixed-geometry Inlet were used. The performence characteristics
of the fixed-geometry, translating-splke, and bypass Inlets are pre-
gented in figure 4 for Mach numbers from 1.5 to 2.0 at an albtltude of
35,000 feet. Also Included in flgure 4 for comparison are curves for
the effectlve thrust parameter and speciflc impulse for a reference
inlet operating at critical inlet pressure recoverles without drag;
thege reference curves represent the besgt performance attainable wilth
thls particular fixed-angle compression surface and diffuser. Drag
due to splllage and thrust loss due to pressure recovery 1n terms of
percent of the 1desl thrust are also presented. As shown In figure 4,
the thrust parameter for the bypass Inlet was conslsbently higher then
that of the transleting-splke or the flxed-geometry inlet. The Inferior
performance of the translating-splike lnlet compared wlth that of the
bypass was primarily assoclated wlth pressure-recovery losses, sincs the
thrust loss due to drag was smallest for the translating spike except
at Mach numbers greater than 1.9. As prevliously pointed out, the
pressure recovery could possibly be increased by redesigning the inlet;
hence, competitlive performance between the bypass and translating
spike at flight Mach numbers from 1.5 to 1.9 could be anticipated. For
performance at a flight Mach number of 2.0, the thrust parameter of the
bypass Inlet was 31 percent greater than that of the fixed-geometry
inlet and 95 percent of that attainable with critical inlet pressure
recoverles and zero drag.
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The bypass inlet had the highest speciflc Impulse except for minor
differences between Mach numbers 1.5 and 1.8. In this reglon, the
translating-spike inlet had impulses slightly higher than those of the
bypass, because operatlon at pressure recoveries and drags lower than
those for the bypass results In a dlsproportional effect on the net-
thrust and fuel-~flow terms of specific lmpulse.

The speciflc impulse lis proportional to over-all propulsive-unlt
efflciency and, hence, 1s of primary Iimportance at the highest flight
Mach number (for maximum supersonic-flight endurance at this speed).

At below-design speeds, the specific Impulse does Influence the time or
fuel required to accelerate to the high-speed condition although the
time or fuel required to reach the meximum speed is usually small com-
pared with the time avallable for fllght at maxlimum speed.

Ansalysis of the thrust avallable at lower alitltudes at supersonic
speeds showed similar results, indicating that the variable-geometry-
inlet aystems, and the bypass system in particular of those analyzed
hereln, offer Increased flexiblllty in the selectlon of a flight plan
campared with a flxed-geometry inlet.

Another type of comparison is the adeptlblllity of the inlet under
nonstandard atmospheric conditions, such as nonetandard temperatures.
This calculation is shown in figure 5 for a flight Mach number of 1.8, a
constant pressure-altitude, and the most probable maximum and minimum
temperature limits of reference 9. Inasmuch as airplane drag 1s constant
for these assumed flight conditlons, the effect of atmospheric tempera-
ture variastion on engine air-flow characteristics would not seriously
affect the performance of an slrplane having a bypass system, as indicated
by the flat effective-thrust-ratioc curve. However, steady flight under
these conditions with the translating-spike or fixed-geometry inlets would
requlire a variation in engine power output, as indicated by the varia-
tion of effective thrust retio wlith temperature.

Results similar to those of figures 4 and 5 but of smaller magni-
tude were obtalned using an englne characteristic that required a
welght-flow splllage of about 15 percent at a flight Mach number of 2.0
for sizing considerations identlcal with those in figure 3. This fact
suggested the possibility of increasing the size of the inlet (resulting
in a lower Mach number sizing) so that the required spillage at a flight
Mach number of 2.0 would be gbout 33 percent of that captured and using
the bypass to dlscharge this excess flow. Thus, at subsonic speeds, the
pressure-recovery losses assoclated wlth the sharp cowl 1lip would be
reduced, since the larger Inlet wonld operate at lower Inlet-velocliy
ratios. Calculations indlcated only a slight reductlion in effective
thrust ratio and speciflic impulse at supersonlc speeds for the larger
inlet and superior performance at subsonlic Mach numbers at an altlitude

3022



220¢

CE-2

NACA RM ES3HIL1 E 8

of 35,000 feet. Whlle ‘the performance of the larger inlet wes also

better at take-off and sea-level conditions, an auxlllary scoop or blow-
in door would probably be necessary to provide thrust ratios between 0.9
and 1.0 (a emaller asuxiliary system could be used Pfor the larger inlet,
however). Thus, & bypass system does mske the selection of subsonic
sizing amensable to compromise, since the supersonic penalty for oversizing
is small. Since bypassing about 33 percent of the captured air flow at

a flight Mach number of 2.0 and an altltude of 35,000 feet requires a
rather large bypass nozzle, these results qualltatively depict a practlcal
1imit for oversizlng the inlet In an attempt to lmprove subsonic perfor-
mance. In consldering the frontal area for the two inlets, 1t was found
that, 1f the di1ffuser exit were redesigned to match the requlred engine
characteristics, the diameter of & nacelle-type Installatlion would be
governed by the meximum engine dlameter for the large as well as the

small inlet.

Application to ram-jet engines. - Under conditions requiring thrust
In excess of that needed for orulsing flight, such as accelerating or
maneuvering, ram-jet engines can likewise beneflt from the use of variable-
gecmetry systems. TFor an engine with a flxed-area-ratioc exhaust nozzle,
thrust Increases are obtalned by increasing the engine total-temperature
ratio; this requires the splllage of excess welight flow, which causes the
drag losses previously discussed. The exhaust-nozzle area ratio for the
calculations hereln was selected for maximum Impulse at a flight Mach
number of 2.0 and critical iInlet flow which resulted in a net propulsive
thrust coefficlent 0.40 and a sgpeciflc impulse of 1580 seconds at the
crulse conditlons. Ram-Jet-englne excess thrust and specific-impulse
characteristlics obtainable by using fixed-geometry, translating-spilke,
and bypass Inlets are presented In figure 6 in the form of percentage
increase over the crulse wvalue for angles of attack of 0°, 37, 6°, and
9°. A Pixed-gecmetry inlet with & varlable-area exhaust nozzle is
Included for comparison at zero angle of attack.

Of the fixed-exhaust-nozzle ram Jets, the bypass had the highest
margin of excess thrust and the smallest reduction in specific impulse
over the range of englne tobal-temperature ratios from crulse %o
stolchiometric at zero angle of atitack. The translating-spike inlet
wes comparable with the bypass at moderate temperature-ratio increases
but suffered a reductlon in excess thrust at higher tempersture ratios
because of inlet pressure-recovery losses. At an engine tobal-temperature
ratio of 5.0, the excess thrust avallable with the bypass Inlet was
65 percent of that atteinable wlith a variable-nozzle fixed-inlet-gecmetry
ram Jot.

In general, the thrust for a given engine total-temperature ratio
decreased as angle of attack increased. At angles of attack other than
zero, the Initlal thrust lncreases for the translating spike were
greater than for the other ram Jets; however, the thrust decreased
appreclably at higher temperature ratios. Inasmuch as the range of
stable subcritical flow decreased &t angles of attack of 6° and 9° for
the fixed-geometry inlet, the maximum total-temperature ratios were

|
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limited to 4.05 and 3.10, respectlively, and consequently the thrust In-
creages were small. At an angle of attack of 9°, thruet greater than
that required for crulse was aveilable with the bypass ram Jet; depending
on airplane induced-drag chearacteristics, the excess thrust may be suf-
flcient for moderate maneuvers.

The varlation of net-propulsive-thrust coefflclents for various
ram jets between flight Mach numbers of 1.5 and 2.0 is shown in figure 7.
These curves, when used In conjunction with alrplane-drag curves, are of
interest in defining the potentlal for acceleration to the cruise point
and may be used as alde in determining the point at which the ram jJet 1s
capable of sustalning the flight of the alrplane, that ls,the end of the
boost phase or the "take over Mach number." The bypass ram Jet had the
highest excess-thrust envelope of the flxed-exhaust-nozzle rem Jets, al-
though greater net-propulsive-thrust coefflclents are Indicated for the
fixed-inlet variable-nozzle ram Jet. Of the flxed-exhaust-nozzle ram
Joets, the lowest take-over Mach number ls Indlicated for the bypass ram
Jet and consequently a smaller booster could be used.

2c0e

CONCLUDING REMARKS

With regard to turbojet effective thrust ratlio, the bypass inlet -
was, In general, superlor although the performance of the translating-
gplke inlet could possibly become campetitive between flight Mach num-~
bers of 1.5 and 1.9 1f the pressure-recovery losses due to spike trans-
latlon were minimized by redesigning. At a fiight Mach number of 2.0,
the drag assoclated wlth conical-shock spillage was approximaetely twice
that of the bypass inlet and, consequently, competitlve performance would
not be expected. For constant pressure-altitude and flight Mach number
operation at nonstandard atmospherlc temperatures, the effective thrust
ratio was maintained nesrly constant by means of the bypass whereas the
thrust ratics varied for the other types of splllage control.

The filxed-exhaust-nozzle ram Jet with & bypass inlet had the high-
eat envelope of excess net propulsive thrust between fllight Mach numbers
1.6 and 2.0, indlcating a greater potemntlal for socelerating and mansuver-
ing and the posslbllity of requiring a smaller booster unit than the
fixed-geometry or translating-splke ram Jets. In general, as the angle
of attack Increased, all thrust ratlos decreased for a glven engine total-
temperature ratio, and, at an angle of attack of 9° and a flight Mach
number of 2.0, only the bypass ram Jet indicated net propulsive thrusts
greater than those necessary for crulsing at an angle of attack of 0°.

Lewis Flight Propulsion Laboratory
National Advlisory Commlttee for Aeronautics
Cleveland, Onhlo, August 13, 1953
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